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INTRODUCTION 


In  November  1999,  I  left  a  basic  immunology  department  at  the  Dana-Farber  Cancer 
Institute  and  joined  the  Division  of  Radiation  and  Cancer  Biology  at  the  New  England  Medical 
Center  and  Tufts  University  Medical  School  which  is  headed  by  the  renowned  breast  cancer 
researcher  Dr.  Vimla  Band.  This  environment  will  provide  me  with  more  fruitful  interactions 
revolving  around  breast  cancer  and  with  ample  resources  for  breast  cancer  research.  As  an 
inevitable  consequence  of  the  transition,  however,  this  report  also  reflects  the  need  to  bring  old 
projects  to  completion  (some  of  the  previously  ongoing  studies  are  published  or  in  press)  and  a 
delay  in  setting  up  a  new  laboratory  (progress  in  year  2  was  less  extensive  than  in  the  previous 
budget  period). 

Splice  variants  of  the  homing  receptor  CD44  mediate  metastasis  formation  by  various 
tumors.  Expression  of  the  cytokine  osteopontin  has  been  associated  with  malignant  potential  of 
tumor  cells.  We  have  identified  a  novel  receptor/ligand  interaction  between  CD44  and  osteopontin 
that  mediates  cell  attachment  or  migration.  Both  molecules  are  subject  to  multiple 
posttranscriptional  and  pottranslational  modifications  and  our  data  suggest  that  these  alterations 
modulate  binding.  Organ-preference  in  metastasis  formation  may  be  based  on  specific  recognition 
via  homing  receptors  and  modifications  in  CD44/osteopontin  interaction  may  provide  a  potential 
molecular  explanation.  To  assess  why  breast  cancer  metastasizes  predominantly  into  bone,  we  are 
investigating  modifications  in  both  proteins  that  allow  interaction. 
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BODY 


Specific  Aim  1:  Identification  of  the  posttranslational  modifications  in  both  proteins  which 
are  permissive  for  interaction. 

Tasks  1-3:  We  had  previously  performed  structure  activity  analyses  of  osteopontin  and  its  receptors 
in  macrophage  migration  and  activation  as  a  model  for  metastatic  spread  and  found  that  an 
interaction  between  the  C-terminal  domain  of  osteopontin  and  the  receptor  CD44  induces 
macrophage  chemotaxis  via  G-protein  signaling,  while  engagement  of  integrin  receptors  by  a  non¬ 
overlapping  N-terminal  osteopontin  domain  induces  cell  spreading,  mediated  by  PKC,  and 
macrophage  activation  involving  phosphatidylinositol  as  a  secondary  signal  transduction 
component.  Serine  phosphorylation  of  the  osteopontin  molecule  on  specific  sites  is  required  for 
functional  interaction  with  integrin  but  not  CD44  receptors.  A  revised  version  of  the  manuscript 
detailing  the  structure  activity  analysis  of  osteopontin  has  recently  been  submitted  to  the  European 
Journal  of  Immunology,  while  the  associated  signal  transduction  pathways  are  still  subject  to 
further  study. 

Task  4:  Gene  targeted  osteopontin'7'  mice  fail  to  develop  delayed  type  (cellular)  immune  responses 
or  Thl -driven  autoimmunity  after  viral  infection.  This  defective  immune  activation  is  associated 
with  diminished  production  of  the  stimulatory  cytokine  IL-12  and  excessive  production  of  the 
inhibitory  cytokine  IL-10.  A  phosphorylation-dependent  interaction  between  the  N-terminal  portion 
of  osteopontin  and  its  integrin  receptor  on  macrophages  leads  to  IL-12  expression,  while  a 
phosphorylation  independent  interaction  of  osteopontin  with  CD44  inhibits  EL- 10  expression  This 
manuscript  has  now  been  published  in  the  journal  Science  (Ashkar  et  al.  2000;  see  appendix). 

Based  on  the  immunomodulatory  effect  of  osteopontin,  we  have  designed  candidate  peptide  drugs 
that  selectively  interfere  with  receptor  binding  to  either  CD44  or  integrin  avfi3  (patent  pending;  see 
appendix). 

Cancers  of  particular  tissue  origin  show  consistent  preference  for  specific  target  organs  to  spread  to. 
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This  topology  of  metastasis  formation  is  mediated  by  the  potpourri  of  homing  receptors  on  the 
tumor  cell  surface  and  their  ligands  and  is  widely  believed  to  have  its  physiologic  correlate  in 
morphogenesis  during  embryonic  development.  Unexpectedly,  knockout  mice  in  which  individual 
genes  known  to  participate  in  tumor  spread  were  disrupted  turned  out  to  be  fertile  and 
developmentally  normal.  The  defects  observed  in  the  relevant  gene  targeted  mice  are  impairments 
of  various  features  of  stress  responses.  Metastasis-associated  gene  products  have  several 
characteristics  in  common.  They  comprise  a  set  of  developmentally  non-essential  genes  which 
physiologically  mediate  stress  responses,  including  inflammation,  wound  healing,  and 
neovascularization.  Recognition  of  topology  is  encoded  in  the  surface  molecules  of  immune  cells 
and  organ  preference  by  cancer  may  be  derived  from  a  process  which  immune  cells  use  to  target 
their  responses.  Metastasis-associated  gene  products  therefore  constitute  a  unique  and  essential 
group  of  cancer  related  biomolecules.  We  conclude  that  metastasis  formation  is  a  process  that 
mimics  macrophage  behavior  (Weber/Ashkar  2000a, b;  see  appendix).  We  believe  that  this  insight 
constitutes  a  major  paradigm  shift  for  two  reasons  1)  the  classical  cancer  related  genes  (oncogenes, 
tumor  suppressor  genes,  telomerase,  and  DNA  repair  genes)  do  not  account  for  metastasis 
formation,  2)  currently,  most  metastasis  researchers  favor  the  assumption  that  metastasis  formation 
copies  mechanisms  of  organ  development;  this  notion,  however,  is  clearly  refuted  by  the  absence  of 
developmental  abnormalities  in  the  relevant  knockout  mice. 
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KEY  RESEARCH  ACCOMPLISHMENTS 


*  structure-activity  analysis  of  osteopontin  in  cell  migration  and  activation 


*  identification  of  suppression  of  IL-10  expression  by  macrophages  as  consequence  of  interaction 
between  osteopontin  and  CD44  which  may  have  implications  for  tumor  immunology 


*  theoretical  consideration  regarding  metastasis  formation  as  mimicry  of  macrophage  activation 


f 
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CONCLUSIONS 


We  have  further  delineated  the  functional  consequences  of  the  interactions  between  osteopontin  and 
its  receptors.  We  have  identified  the  mechanism  of  cell  motility  as  a  two-step  process  involving 
both  major  osteopontin  receptors.  These  may  be  the  molecular  underpinnings  of  tumor  invasion. 
We  have  further  characterized  the  important  involvement  of  osteopontin  in  delayed  type  immune 
responses  which  may  have  implications  for  tumor  immunology.  Clarification  of  the  physiologic 
roles  of  osteopontin  and  its  receptors  has  enabled  us  to  propose  fundamental  features  that  are  shared 
by  all  metastasis  mediating  gene  products. 
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Cell-mediated  (type-1)  immunity  is  necessary  for  immune  protection  against 
most  intracellular  pathogens  and,  when  excessive,  can  mediate  organ-specific 
autoimmune  destruction.  Mice  deficient  in  Eta-1  (also  called  osteopontin)  gene 
expression  have  severely  impaired  type-1  immunity  to  viral  infection  [herpes 
simplex  virus-type  1  (KOS  strain)]  and  bacterial  infection  (Listeria  monocyto¬ 
genes)  and  do  not  develop  sarcoid-type  granulomas.  Interleukin- 12  (IL-12)  and 
interferon-7  production  is  diminished,  and  IL-10  production  is  increased.  A 
phosphorylation-dependent  interaction  between  the  amino-terminal  portion  of 
Eta-1  and  its  integrin  receptor  stimulated  IL-12  expression,  whereas  a  phos¬ 
phorylation-independent  interaction  with  CD44  inhibited  IL-10  expression. 
These  findings  identify  Eta-1  as  a  key  cytokine  that  sets  the  stage  for  efficient 
type-1  immune  responses  through  differential  regulation  of  macrophage  IL-12 
and  IL-10  cytokine  expression. 


The  development  of  cell-mediated  (type-1)  im¬ 
mune  responses  is  necessary  for  protection 
against  the  growth  of  many  infectious  pathogens 
and,  when  excessive,  can  mediate  autoimmune 
host  tissue  destruction.  Although  macrophage 
activation  by  microbial  pathogens  ( 1 ,  2)  and 
foreign  body  reactions  (3)  are  associated  with 
type-1  immunity,  the  cellular  and  molecular 
events  that  imprint  this  response  are  not  fully 
understood.  An  essential  early  step  in  this  pro¬ 
cess  is  macrophage  production  of  IL-12  at  sites 
of  infection,  whereas  early  IL-10  production 
inhibits  this  response  (4).  Although  IL-12  re¬ 
sponses  can  be  triggered  by  an  interaction  be¬ 
tween  the  CD40  ligand  on  activated  T  cells  and 
CD40  on  macrophages  ( 4 ),  this  interaction  also 
induces  the  inhibitory  IL-10  cytokine  (5,  6 ),  and 
its  transient  nature  may  not  suffice  for  sustained 
IL-12  induction  in  vitro  (7)  or  in  vivo  (8). 

A  gene  product  that  may  play  an  impor¬ 
tant  role  in  the  development  of  type-1  immu¬ 
nity  is  the  T  cell  cytokine  Eta- 1  (for  early  T 
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lymphocyte  activation- 1),  also  known  as  os¬ 
teopontin  (Opn)  (9).  The  Eta-1  gene  is  ex¬ 
pressed  in  T  cells  early  in  the  course  of 
bacterial  infections  (within  48  hours),  and 
interaction  of  its  protein  product  with  macro¬ 
phages  can  induce  inflammatory  responses 
(10).  Genetic  resistance  to  infection  by  cer¬ 
tain  strains  of  Rickettsia  may  depend  on  Eta- 
1- dependent  attraction  of  monocytes  into  in¬ 
fectious  sites  and  acquisition  of  bacteriocidal 
activity  (11);  the  granulomatous  responses 
characteristic  of  sarcoidosis  and  tuberculosis 
are  associated  with  high  levels  of  Eta-1  ex¬ 
pression  (12). 

Granuloma  formation  in  these  human  dis¬ 
eases  is  a  cellular  consequence  of  type-1  immu¬ 
nity  (12),  and  sarcoid-type  granulomas  can  be 
induced  in  mice  after  injection  of  polyvinyl 
pyrrolidone  (PVP)  (73).  Because  certain  murine 
models  of  parasite-induced  granulomas  may 
reflect  a  mixture  of  type-2  and  type-1  immunity 
(6),  we  first  established  the  importance  of  IL- 
12- dependent  type-1  immunity  in  this  murine 
model  of  granuloma  formation.  An  intense 
granulomatous  response  was  provoked  shortly 
after  (subcutaneous)  injection  of  PVP  into 
C57BL/6  (+/+)  but  not  C57BL/6  nu/nu  strains 
of  mice.  This  response  was  diminished  by  70  to 
80%  in  C57BL/6  IL-12"7-  mice  and  was  en¬ 
hanced  two-  to  threefold  in  C57BL/6  IL-10"7" 
mice  (Fig.  1,  A  and  B).  Because  C57BL/6 
nu/nu  mice  coinjected  with  PVP  and  puri¬ 
fied  Eta-1  displayed  a  granulomatous  reac¬ 
tion,  this  gene  product  can  partially  substi¬ 
tute  for  activated  T  lymphocytes  in  this 
setting  (Fig.  1,  A  and  B). 

We  then  asked  whether  mice  deficient,  in 


Eta-1  secondary  to  targeted  gene  mutation  (14) 
formed  granulomas  after  PVP  injection.  Eta- 
l"7"  mice  did  not  develop  a  detectable  granu¬ 
lomatous  response  after  challenge  with  PVP;  the 
response  was  partially  restored  by  coinjection  of 
purified  Eta-1  with  PVP  (Fig.  1,  A  and  B). 
Histologic  analysis  of  granulomas  formed  in 
Eta-l+7+  mice  and  in  Eta-1"7-  mice  reconsti¬ 
tuted  with  purified  Eta-1  revealed  a  similar  mac¬ 
rophage-dominant  cellular  infiltrate:  About  85% 
of  granulomatous  cells  in  both  cases  were  Mac- 
1+,  whereas  5  to  10%  were  CD3+  T  cells  or 
B220+  B  cells.  BP-55 +  neutrophils,  which  were 
only  a  minor  component  (1  to  2%)  of  granulo¬ 
mas  in  these  mice,  increased  5-  to  10-fold  in  the 
granulomas  of  IL-10"7"  mice  (Fig.  1C).  Eta- 
1“7“  mice  also  displayed  defective  granuloma¬ 
tous  responses  to  injection  of  collagen  and  latex, 
consistent  with  reports  that  human  T  cells  resi¬ 
dent  in  sterile  granulomas  have  high  expression 
of  Eta-1  (12).  Restimulation  of  lymph  nodes 
draining  subcutaneous  sites  of  PVP  injection  in 
Eta-1"7"  mice  and  control  mice  with  PVP  re¬ 
vealed  impaired  IL-12  and  interferon-7  (IFN-7) 
responses:  The  IL-12  response  was  reduced  by 
—95%,  and  the  IFN-y  response  of  Eta-1"7" 
mice  was  reduced  by  90%  in  comparison  to 
Eta-l+7+  controls  (Fig.  ID). 

We  next  defined  the  role  of  Eta-1  in  the 
immune  response  to  herpes  simplex  virus-type 
1  (HSV-1)  (KOS  strain)  infection.  Eta-1"7" 
mice  infected  by  HSV-1  [4  X  106  plaque¬ 
forming  units  (PFU)  via  the  cornea]  did  not 
develop  a  significant  tuberculin-type  delayed- 
type  hypersensitivity  (DTH)  response  after 
footpad  challenge  with  HSV-1  (105  PFU),  in 
contrast  to  the  strong  DTH  response  of  Eta- 
l+7+  controls  (Fig.  2A,  left).  Although  the 
numbers  of  T  cells  and  proportions  of  T  cell 
subsets  in  the  thymus  and  peripheral  lymphoid 
tissues  of  Eta- 1"7"  mice  were  similar  to  Eta- 
l+7+  littermates  (75),  defective  antiviral  DTH 
responses  might  reflect  a  subtle  alteration  in 
lymphocyte  or  macrophage  development.  We 
therefore  tested  the  effects  of  acute  in  vivo 
depletion  of  Eta- 1  with  a  neutralizing  antibody. 
Administration  of  antibody  to  Eta-1  (LF-123) 
(16)  immediately  before  and  repeatedly  after 
HSV-1  infection  efficiently  inhibited  the  DTH 
response  upon  rechallenge  (Fig.  2A,  right). 

Corneal  HSV-1  infection  can  also  lead  to  a 
destructive  type-1  autoimmune  inflammatory 
reaction,  herpes  simplex  keratitis  (HSK),  initi¬ 
ated  by  CD4  cells  that  recognize  a  viral  peptide 
mimic  (77).  This  inflammatory  response  de¬ 
pends  on  the  production  of  IL-12  and  is  inhib¬ 
ited  by  IL-10  (18).  Within  10  to  14  days  after 
comeal  HSV-1  infection,  —65%  of  control  Eta- 
l+/+  mice  developed  HSK,  whereas  HSV-1- 
infected  Eta-1  "7"  mice  did  not  readily  develop 
this  disease  (Fig.  2B).  Analysis  of  cells  from  the 
draining  lymph  nodes  of  virus-infected  Eta- 
l"7"  and  Eta~l+7+  mice  indicated  that  they 
responded  similarly  to  HSV-1  according  to 
[3H]thymidine  incorporation  after  viral  restimu- 
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lation  in  vitro  (19).  However,  draining  lymph 
node  cells  from  virally  infected  Eta-l“/_  mice 
produced  exaggerated  amounts  of  IL-10  and 
IL-4  and  reduced  IL-12  in  comparison  with 
Eta-1+/+  controls  (Fig.  2C).  In  contrast  with 
this  sterile  granulomatous  response,  IFN-y  lev¬ 
els  were  not  reduced  in  Eta-l"/_  mice  after 
HSV-1  viral  infection  (20),  consistent  with  an 
IL- 12-independent  pathway  to  IFN-y  produc¬ 
tion  that  may  depend  on  virally  induced  IFN- 
a/p  production  (21). 

We  then  investigated  the  ability  of  Eta- 
\~f~  mice  to  mount  a  protective  immune 
response  after  bacterial  infection.  The  murine 
response  to  Listeria  monocytogenes  is  an  ex¬ 
perimental  cornerstone  of  our  understanding 
of  the  early  events  leading  to  type-1  immu¬ 
nity  after  microbial  infection  (1)  and  depends 
on  early  macrophage  production  of  IL-12  and 
downstream  expression  of  IFN-y  (22).  Eta- 
mice  were  defective  in  their  ability  to 
clear  L.  monocytogenes  after  systemic  infec¬ 


tion,  similar  to  the  defect  in  IL-12_/_  mice 
(23)  (see  Web  figure  1,  available  at  www. 
sciencemag.org/feature/data/ 104645 1  .shl). 
Restimulation  of  spleen  cells  from  Eta-l_/~ 
and  Eta-1+/+  mice  with  heat-killed  bacteria 
revealed  that  cells  from  the  former  mice  had 
reduced  IFN-y  responses:  25.5  ±  6.5  ng/ml 
of  IFN-y  were  produced  by  spleen  cells  from 
Eta-1 +/+  mice  in  comparison  with  3.2  ±  1.2 
ng/ml  of  IFN-y  from  Eta-l"/_  mice  (24). 

Thus,  Eta-1  expression  may  affect  type-1 
immunity  through  regulation  of  the  IL-12  and 
IL-10  cytokine  ratio.  To  define  the  effect  of 
Eta-1  on  IL-10  and  IL-12  production  by  mac¬ 
rophages  in  vitro,  we  incubated  resident  perito¬ 
neal  macrophages  with  increasing  concentra¬ 
tions  of  purified  Eta-1  in  serum-free  medium 
(Fig.  3A).  This  resulted  in  the  secretion  of  as 
much  as  400  pg/ml  of  IL-12  at  48  hours,  where¬ 
as  IL-10  production  was  not  detected  (Fig.  3,  A 
and  B).  The  failure  of  Eta-1  to  induce  IL-10 
was  somewhat  surprising  because  other  cyto¬ 


kines  that  activate  macrophages,  including  tu¬ 
mor  necrosis  factor-a,  IL-1,  IL-2,  IL-3,  and 
IL-6,  all  stimulate  IL-10  secretion  (25),  and 
lipopolysaccharide  (LPS)  stimulation  of  these 
resident  peritoneal  macrophages  induced  both 
IL-12  (—250  pg/ml)  and  IL-10  (—100  pg/ml) 
(Fig.  3B).  Further  analysis  showed  that  Eta-1 
actively  suppressed  the  LPS-dependent  IL-10 
response  of  resident  peritoneal  macrophages  by 
80  to  95%  (Fig.  3C). 

The  interaction  of  Eta- 1  with  macrophages 
is  mediated  through  two  functional  receptors. 
Engagement  of  CD44  mediates  chemotactic 
migration  (26),  and  interaction  with  avp3  inte- 
grin  causes  haptotaxis,  adhesion,  and  spreading 
(10,  27).  We  asked  which  receptor  was  respon¬ 
sible  for  the  regulation  of  macrophage  cytokine 
production  by  Eta-1.  Induction  of  IL-12  is  in¬ 
hibited  by  GRGDS  (28)  peptide  (but  not 
GRADS  peptide)  (29)  and  by  antibody  to  the 
integrin  p3  subunit  (but  not  by  antibody  to 
CD44),  and  macrophages  from  CD44-/^  mice 
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Fig.  1.  Granuloma  formation  in  cytokine-deficient  mice.  Granulomas 
were  measured  5  days  after  subcutaneous  injection  of  PVP  into  mice 
carrying  the  indicated  mutations  of  cytokine  genes  (38).  (A)  Results  are 
expressed  as  the  mean  number  of  granulomas  per  high-power  field  (HPF) 
(X200  magnification)  (left);  as  the  mean  number  of  cells  per  granuloma 
after  examination  of  50  to  80  HPF  per  mouse  (middle);  and  as  the 
product  of  these  two  indices,  shown  as  granuloma  burden  (right).  Error 
bars  indicate  1  SEM.  (B)  Photomicrographs  at  indicated  magnifications 
showing  histologic  analysis  of  tissue  sections  at  PVP  injection  sites  of 
Eta-1 +/+  (left)  or  Eta-1 -/_  (right)  mice  showing  granulomatous  infiltra¬ 
tions  of  mononuclear  cells  in  subcutaneous  dermal  and  subdermal  areas 
5  days  after  injection  of  PVP,  PBS,  or  PVP  +  5  |ng  purified  Eta-1  (40).  (C) 
Analysis  of  surface  antigens  expressed  by  cells  within  granulomas  in  the 
indicated  mouse  strains  was  done  with  monoclonal  antibodies  to  Mac-1, 
B220,  CD3,  and  BP-55  (a  neutrophil  marker).  Error  bars  indicate  1  SEM. 
(D)  Cytokine  expression  by  cells  from  lymph  nodes  draining  the  site  of 
granulomas  5  days  after  PVP  injection  was  measured  48  hours  after 
incubation  with  PVP  (2  X  106  cells  per  well).  Data  are  representative  of 
three  independent  experiments. 


www.sciencemag.org  SCIENCE  VOL  287  4  FEBRUARY  2000 


861 


(30)  display  an  unimpaired  IL-12  response  (Fig. 
4,  A  to  C).  Moreover,  Eta- 1- dependent  induc¬ 
tion  of  IL-12  secretion  from  macrophages  was 
not  due  to  contamination  with  endotoxin:  Limu- 
lus  lysate  analysis  indicated  that  purified  Eta-1 
contained  <1  ng/g  of  endotoxin,  and  the  IL-12 
response  of  macrophages  from  C3H.HeJ  mice 
(which  are  defective  in  endotoxin  receptor-me¬ 
diated  signaling)  was  not  obviously  impaired  in 
comparison  to  other  strains  (Fig.  4C).  In  contrast 
to  IL-12  induction,  inhibition  of  IL-10  depends 
on  engagement  of  the  CD44  receptor:  Eta-1- 
dependent  inhibition  of  IL-10  is  blocked  by 
antibody  to  CD44  but  not  by  antibody  to  inte- 
grin  p3,  and  macrophages  from  CD44~/_  mice 
are  resistant  to  Eta-1  inhibition  of  the  IL-10 
response  (Fig.  4,  A  to  C).  To  further  characterize 
the  RGD-dependent  interaction  with  the  macro¬ 
phage  integrin  receptor,  we  analyzed  fragments 
from  an  Eta-1  Lys-C  digest  and  identified  a 
proteolytic  fragment  from  the  NH2-terminal 
portion  of  Eta-1,  which  contains  the  integrin 
binding  site  (termed  NK10)  that  is  sufficient  to 
induce  macrophage  IL-12  expression  (Fig.  4 A). 

Eta-1  is  secreted  in  nonphosphorylated  and 
phosphorylated  forms  (31),  Phosphorylation 
may  allow  Eta-1  to  associate  with  the  cell  sur¬ 
face  rather  than  the  extracellular  matrix  (32), 
through  a  contribution  to  integrin  binding.  In 
contrast,  serine  phosphorylation  of  recombinant 
Eta-1  is  not  required  for  CD44-dependent  inter¬ 
actions  leading  to  chemotactic  migration  (26). 
We  investigated  whether  phosphorylation  of 
Eta-1  might  affect  its  ability  to  regulate  IL-12 
and  IL-10  expression.  Dephosphoiylation  of  pu¬ 
rified,  naturally  produced  Eta-1  abolished  IL-12 
stimulatory  activity;  phosphorylation  of  recom¬ 
binant  Eta-1  at  specific  sites  restored  activity 
(33)  (see  Web  figure  2,  available  at  www. 
sciencemag.org/feature/data/ 1 04645 1  .shl).  Al¬ 
though  recombinant  Eta- 1 -lacking  phosphate 
groups  could  not  induce  IL-12,  this  molecule 
retained  inhibitory  activity  for  the  macrophage 
IL-10  response  (33).  Thus,  serine  phosphoryl¬ 
ation  can  provide  molecular  information  that 
regulates  the  biological  activity  of  a  secreted 
protein. 

Our  data  indicate  that  expression  of  Eta-1 
represents  an  essential  early  step  in  the  pathway 


Fig.  2.  The  role  of  Eta-1 
in  immunity  to  HSV-1 
(KOS  strain).  (A)  (Left) 
Defective  HSV-1 -spe¬ 
cific  DTH  responses  in 
Eta-1  _/“  mice.  C57BL/ 
6  X  129  strain  mice 
with  or  without  a  tar¬ 
geted  disruption  of  the 
Eta-1  gene  (-/-)  or  con¬ 
trols  (+/+)  were  infect¬ 
ed  in  the  right  eye  with 
4  X  106  PFU  of  HSV-1 
(KOS)  and  challenged  5 
days  later  in  the  left 
footpad  with  1  X  10s 
PFU  of  UV-inactivated 
HSV-1  (KOS).  The  right 
(control)  and  left  (HSV- 
1)  footpads  of  each 
mouse  were  measured 
24  hours  later  with  a 
micrometer.  Each  data 
point  represents  the 
mean  and  standard  er¬ 
ror  (error  bars)  of  three 
mice  per  group.  (Right) 
Inhibition  of  the  anti- 
HSV-1  DTH  response  by 
acute  depletion  of  Eta- 
1.  The  neutralizing  anti¬ 
sera  LF-123  (76)  or  con¬ 
trol  normal  rabbit  se¬ 
rum  were  injected  at  25 
ixg  per  dose  per  day, 
starting  2  days  before 
injection.  On  day  0, 
mice  were  infected  with 
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challenged  5  days  later. 

The  right  and  left  footpads  of  each  mouse  were  measured  24  hours  after  rechallenge,  and  specific 
swelling  (left  versus  right  footpad)  is  shown.  (B)  Development  of  HSK  in  Eta-1  mice.  The  right 
eyes  of  Eta-1 _/  and  Eta-1 +/+  mice  were  infected  with  4  X  106  PFU  of  HSV-1  (KOS),  and  disease 
was  assessed  on  days  11  and  14  after  infection,  as  described  (77).  The  severity  of  clinical  stromal 
keratitis  was  scored  on  the  basis  of  the  percentage  of  corneal  opacity:  <25%,  1;  <50%,  2;  <75%, 
3;  and  75  to  100%,  4.  Each  point  represents  at  least  16  mice  and  is  the  mean  of  three  independent 
experiments.  (C)  Differential  cytokine  profile  of  draining  lymph  node  cells  and  splenic  macrophages 
from  Eta-1  /+  or  Eta-1  7  mice  after  infection  with  HSV-1.  Cytokine  levels  after  restimulation  of 
draining  lymph  node  cells  (from  mice  15  days  after  HSV-1  infection  in  vivo)  by  4  X  107  PFU  of 
UV-inactivated  HSV-1  using  48-hour  supernatants  were  determined  by  ELISA  (79).  Viral  restimu¬ 
lation  of  mixtures  of  purified  lymph  node  T  cells  from  virus-infected  donors  and  syngeneic 
(nonimmune)  adherent  cells  yielded  less  than  one-third  of  the  IL-10  response  of  mixtures  of 
immune  T  cells  and  macrophages  from  draining  lymph  nodes  of  infected  donors  (20).  The 
proliferative  response  of  lymph  node  cells  from  HSV-1-infected  Eta-1 +/+  and  Eta-1  mice 
measured  by  [3H]thymidine  incorporation  at  72  hours  was  20.9  X  103  and  18.7  X  103  cpm, 
respectively. 


that  leads  to  type-1  immunity.  Previous  studies 


have  established  the  importance  of  macrophage 
production  of  IL-12  in  this  pathway  (1,  4,  22). 
Our  experiments  suggest  that  production  of 
Eta-1  by  activated  T  cells  is  an  essential  proxi¬ 
mal  event  that  potentiates  the  macrophage  IL-12 
response  through  integrin  engagement  and 
dampens  the  IL-10  response  through  CD44  en¬ 
gagement,  leading  to  up-regulation  of  type-1 
cytokines.  The  latter  inhibitory  effect  on  IL-10 
may  account  for  enhanced  granulomatous  re¬ 
sponses  of  CD44-/“  mice  (30)  and  the  finding 
that  impairment  of  the  granuloma  response  not¬ 
ed  here  is  somewhat  greater  than  might  be  an¬ 
ticipated  from  the  response  of  IL-12- deficient 
mice  (Fig.  1).  These  findings  fill  a  logical  gap  in 


our  understanding  of  the  early  molecular  events 
that  lead  to  type-1  immunity.  Although  down- 
regulation  of  CD40  ligand  expression  by  IFN-y 
and  soluble  CD40  occurs  within  24  hours  after 
viral  infection,  IL-12  is  detected  in  serum  over 
the  next  7  to  10  days  (8).  Our  experiments 
suggest  that  replacement  of  the  CD40L  signal 
by  Eta-1  may  potentiate  the  IL-12  response 
while  dampening  the  IL-10  activity  to  allow  full 
maturation  of  type-1  immunity,  as  judged  by 
cellular  responses  and  expression  of  down¬ 
stream  effector  cytokines  such  as  IFN-y.  The 
ability  of  an  antigen  to  induce  Eta-1  production 
after  T  cell  receptor  ligation  may  thus  determine 
the  ensuing  duration  and  intensity  of  type-1 


immune  responses.  Eta-1  imprinting  of  the  IL- 
12  and  IL-10  response  after  appropriate  peptide 
stimulation  (34)  may  also  increase  the  likeli¬ 
hood  of  autoimmune  sequelae  as  shown  here 
(Fig.  2),  through  pathways  that  do  not  invariably 
require  IFN-y  (35). 

Eta- 1- dependent  regulation  of  two  early 
cytokine  checkpoints  that  dictate  develop¬ 
ment  of  type- 1  or  type-2  immunity  also  sug¬ 
gests  new  therapeutic  approaches  to  several 
diseases.  Eta-1  analogs  that  mediate  CD44- 
dependent  inhibition  of  IL-10  may  inhibit 
sepsis  in  bum  patients  (36),  and  Eta-1  antag¬ 
onists  may  ameliorate  the  clinical  course  of 
bacterial  arthritis  (37).  Engineered  forms  of 
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Fig.  3.  Differential  regulation  of  macrophage  IL-12  and  IL-10  responses  by  purified  Eta-1.  (A) 
Dose-dependent  induction  of  IL-12  (open  circles),  but  not  IL-10  (solid  circles)  production,  from 
macrophages  by  Eta-1.  Resident  peritoneal  macrophages  obtained  from  C57BL/6  mice  (47)  were 
incubated  for  48  hours  (5  X  105  macrophages  per  milliliter)  with  purified  Eta-1  (40),  and  IL-10  and 
IL-12  p70  concentrations  in  the  supernatant  were  determined  by  ELISA.  Assays  were  done  in 
quadruplets,  and  each  point  represents  the  mean  and  standard  error  (error  bars)  of  three 
independent  experiments.  (B)  Time  course  of  IL-12  (open  circles)  p70  and  IL-10  (solid  circles) 
expression  by  resident  peritoneal  macrophages  (5  X  105  macrophages  per  milliliter)  after  incuba¬ 
tion  with  5  nM  Eta-1  or  LPS  (30  ng/ml).  Assays  were  performed  in  quadruplets,  and  each  data  point 
represents  the  mean  and  standard  error  (error  bars)  of  two  independent  experiments.  (C)  Inhibitory 
effect  of  Eta-1  on  macrophage  IL-10  production.  Macrophages  were  activated  with  LPS  (30  ng/ml) 
for  1  hour  before  addition  of  Eta-1  (5  nM)  for  an  additional  48  hours  and  consecutive  measurement 
of  IL-12  and  IL-10  by  ELISA.  Assays  were  performed  in  quadruplets,  and  each  point  represents  the 
mean  and  standard  error  (error  bars)  of  two  independent  experiments. 
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Fig.  4.  Regulation  of 
macrophage  IL-12  and 
IL-10  expression  by  dis¬ 
tinct  Eta-1  receptors. 

(A)  Secretion  of  IL-12 
by  macrophages  is  me¬ 
diated  by  a  10-kD  pep¬ 
tide  (NK10)  derived 
from  the  NH2-terminal 
fragment  of  Eta-1  (42) 
and  is  inhibited  by  a 
blocking  antibody  to 
integrin  |33  (1  |xg/ml), 
but  is  unaffected  by 
antibody  to  CD44  (1 
jjig/ml).  Error  bars  in¬ 
dicate  1  SEM.  (B)  In¬ 
duction  of  IL-10  pro¬ 
duction  by  1L-4  (500 
U/ml)  in  the  presence 
or  absence  of  purified 
Eta-1  (5  nM)  and  the 
effects  of  antibodies 
to  CD44  [Km81  puri¬ 
fied  from  TIB241  (26)] 
and  the  (33  integrin 
(2C9.G2,  PharMingen) 
are  shown.  Error  bars 
indicate  1  SEM.  (C)  Pro¬ 
duction  of  IL-12  and  IL- 
10  in  response  to  Eta-1 
by  peritoneal  macro¬ 
phages  from  C57BL/6 
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CD44  gene  expression  (C57BL/6-CD44-7-),  and  cells  from  C3H.HeJ  mice.  Mean  values  and  standard 
errors  (error  bars)  from  at  least  four  data  points  are  shown. 
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Eta-1  that  imprint  type-1  responses  after  im¬ 
munization  may  also  be  valuable  components 
of  viral  and  cancer  vaccines. 
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Abstract 


Cancer  is  characterized  by  dysregulated  growth  control,  overcoming  of  replicative 
senescence,  and  metastasis  formation.  The  topology  of  cancer  spread  is  mediated  by  a  set  of 
developmentally  non-essential  genes  which  are  physiologically  involved  in  stress  responses, 
inflammation,  wound  healing,  and  neovascularization.  Function  of  these  gene  products  is 
extensively  modified  posttranscriptionally.  In  cancer,  metastasis  genes  are  dysregulated  on  the 
levels  of  expression  or  splicing.  These  genes  constitute  a  unique  group  of  cancer  related 
biomolecules. 
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What  are  the  traits  that  make  a  killer?  This  question  has  not  only  intrigued  fans  of 
detective  stories  it  is  also  most  prominent  on  the  minds  of  cancer  researchers.  Here  the 
characteristics  of  the  killer  are  dysregulated  growth  control,  overcoming  of  replicative 
senescence,  and  metastasis  formation.  The  division  of  normal  cells  is  tightly  controlled  by 
dependence  on  checkpoints  which  are  pauses  during  the  cell  cycle  where  the  fidelity  of  DNA 
replication  and  chromosome  segregation  are  monitored.  It  is  regulated  by  proto-oncogenes, 
incorporating  genes  for  growth  factors,  their  receptors,  and  associated  intracellular  signal 
transduction  molecules.  Antagonistic  to  oncogenes  are  tumor  suppressor  genes  which  normally 
provide  the  brakes  on  cell  proliferation.  In  contrast,  cancer  is  independent  of  these  control 
mechanisms.  Even  with  defective  growth  control,  however,  a  cell  could  never  form  a  tumor  of 
substantial  size  because,  unless  it  was  a  germline  cell,  it  would  be  subject  to  replicative 
senescence,  an  aging  process  that  proceeds  with  the  number  of  cell  divisions  and  in  extreme  cases 
may  lead  to  a  state  of  crisis.  A  unique  role  in  overcoming  replicative  senescence  is  played  by  the 
enzyme  telomerase  which  is  expressed  in  virtually  all  tumor  cells  but  is  absent  from  most  normal 
cells.  It  prevents  telomere  shortening  with  increased  number  of  cell  divisions  which  would 
eventually  cause  genomic  instability.  Mutator  genes  which  encode  DNA  repair  enzymes  might  be 
more  accurately  referred  to  as  meta-oncogenes  because  their  defects  give  rise  to  mutations  in 
oncogenes  and  tumor  suppressor  genes.  Finally,  most  cells,  with  the  exception  of  blood  and 
immune  cells,  grow  anchored  in  their  microenvironment  whereas  cancer  cells  of  particular  tissue 
origin  metastasize  to  specific  target  organs.  The  ability  of  cancer  to  disseminate  throughout  the 
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body  also  sets  it  apart  from  benign  tumors,  however,  the  classical  cancer  genes  conspicuously  do 
not  account  for  metastasis  formation  and  current  paradigms  of  cancer  have  not  yet  incorporated 
metastasis  genes  as  a  unique  group  of  genes  that  contributes  to  the  malignant  phenotype. 

The  gene  products  of  stress  responses  mediate  metastasis  formation.  Lessons  from  knockout 
mice. 

The  topology  of  metastasis  formation  is  mediated  by  the  potpourri  of  homing  receptors  on 
the  tumor  cell  surface  and  their  ligands  and  is  widely  believed  to  have  its  physiologic  correlate  in 
morphogenesis  during  embryonic  development.  This  would  imply  that  the  deficiency  of 
individual  metastasis  genes  should  cause  defective  formation  of  the  relevant  target  organ. 
Unexpectedly,  knockout  mice  in  which  individual  genes  known  to  participate  in  tumor  spread 
were  disrupted  turned  out  to  be  fertile  and  developmentally  normal  (Table  1).  This  raises  the 
question:  What  is  the  physiologic  process  that  has  gone  astray  in  cancer  dissemination?  Despite 
their  diversity,  metastasis-associated  gene  products  have  several  features  in  common.  They 
comprise  a  set  of  genes  which  physiologically  mediate  stress  responses,  including  inflammation, 
wound  healing,  and  neovascularization.  Consistently,  the  defects  observed  in  the  relevant  gene 
targeted  mice  are  impairments  in  these  areas.  This  insight  resolves  some  of  the  paradoxes  of 
metastasis  research.  In  contrast  to  morphogenesis,  invasiveness  and  tissue  damage  are  in  keeping 
with  the  normal  functions  of  host  defenses  that  are  executed  by  macrophages  and  lymphocytes  in 
stress  situations.  Homing  to  and  expansion  in  the  lymphoid  system,  typically  the  first  target  in 
metastatic  spread,  corroborate  the  notion  that  cancer  metastasis  is  based  on  mechanisms  normally 


employed  by  immunocytes'.  Differentiation  of  immune  cells  proceeds  in  the  context  of  their 
tissue  of  residence  so  that  lymphocytes  from  Peyer's  patches  are  distinct  from  cutaneous 
lymphocytes  and  Kupffer  cells  are  distinct  from  alveolar  macrophages.  Recognition  of  topology 
is  encoded  in  the  surface  molecules  of  immune  cells  and  organ  preference  by  cancer  may  be 
derived  from  this  principle. 

Biologic  activity  of  metastasis  mediating  gene  products  is  extensively  regulated  by 
posttranscriptional  mechanisms.  Collagenases  are  typically  secreted  as  precursors  whose 
activation  requires  proteolytic  cleavage,  collagenase  type  IV  becomes  active  after  cleavage  by 
stromelysin  while  prostromelysin  and  interstitial  procollagenase  are  activated  by  plasmin. 
Ligands  for  homing  receptors  often  contain  multiple  domains.  The  heparin-binding  amino- 
terminus  of  thrombospondin  stimulates  chemotaxis  while  the  carboxy-terminus  mediates 
haptotaxis  in  an  RGD  inhabitable  fashion.  Comparably,  a  prerequisite  for  the  interaction  of  the  N- 
terminal  osteopontin  domain  with  integrin  receptors  is  phosphorylation  of  the  cytokine  while  the 
C-terminal  domain  engages  variant  CD44  by  protein-protein  interaction.  The  gene  for  the  homing 
receptor  CD44  contains  10  variant  exons  that  can  be  spliced  into  the  extracellular  domain  and 
determine  its  engagement  of  various  ligands.  Differential  effects  on  binding  to  extracellular 
matrix  and  hyaluronate  also  depend  on  the  glycosylation  and  sulfation  status  of  CD44. 
Posttranscriptional  modification  of  function  of  these  molecules  may  be  beneficial  in  two  ways. 
Activation  by  mechanisms  like  proteolytic  cleavage  or  phosphorylation  can  be  accomplished 
quickly  in  stress  situations;  some  of  the  precursor  molecules  are  widely  expressed  and  can  acutely 
be  converted  at  a  site  of  damage.  Also,  diversity  in  structure  may  encode  organ  specificity  in 
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homing  and  metastasis  formation  (a  zip  code  of  sorts).  In  clinical  diagnosis,  tumors  that  grow 
locally  invasive  but  do  not  form  distal  metastases,  including  cases  of  basalioma,  glioblastoma, 
chondrosarcoma,  and  myelomonocytic  leukemia,  are  often  referred  to  as  semi-malignant.  The 
molecular  mechanisms  of  local  invasion,  however,  are  distinct  from  conventional  forms  of  cancer 
only  insofar  as  their  target  tissues  are  identical  to  the  tissues  of  origin. 

In  conclusion,  the  topology  of  cancer  spread  is  regulated  by  a  set  of  developmentally  non- 
essential  genes  that  physiologically  mediate  inflammation,  wound  healing  and  neovascularization. 
The  function  of  their  products  is  extensively  regulated  posttranscriptionally.  The  entity  of  these 
genes  encodes  the  repertoire  of  stress  resonses  which  are  predominantly  executed  by 
macrophages  and  lymphocytes.  Metastasis-associated  gene  products  therefore  constitute  a  unique 
and  essential  group  of  cancer  related  biomolecules  whose  functions  are  distinct  from  those  of 
growth  control  or  senescence  genes. 

Regulation  and  dysregulation  of  metastasis  genes. 

Like  yin  and  yang,  phenomena  in  biology  typically  have  a  counter-balance.  This  holds 
true  for  the  regulation  of  cell  dissemination.  While  tumor  suppressor  genes  inhibit  cell  cycle 
progression  and  serve  as  antagonists  for  oncogenes,  the  genes  that  mediate  metastatic  spread  are 
balanced  by  metastasis  suppressor  genes.  The  derived  gene  products  typically  are  adhesion 
molecules  that  procure  cell  anchorage  and  inhibit  migration.  Expression  of  L-CAM  is  inversely 
correlated  with  the  metastatic  potential  of  various  tumor  cell  lines.  Loss  of  cadherin  expression  in 
squamous  cell  carcinomas  of  the  head  and  neck,  prostate  cancer,  and  cancers  of  the  female 
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reproductive  tract  is  associated  with  poor  differentiation  and  high  invasiveness.  E-cadherin  can 
prevent  the  invasive  phenotype  in  T-lymphoma  cells.  Proteinases  also  have  their  antagonists. 
Tissue  inhibitors  of  metalloproteinases  negatively  regulate  invasion.  Their  overexpression 
reduces  metastatic  potential  whereas  antisense  RNA  enhances  the  malignant  phenotype. 

It  could  be  argued  that  metastasis-associated  genes  are  not,  in  strict  terms,  cancer  genes 
because  mutations  in  them  have  not  been  linked  to  the  risk  of  contracting  cancer.  While  it  is  true 
that  these  genes  have  not  yet  been  observed  to  be  mutated  in  malignancies  like  the  classical 
oncogenes  (frequently  through  point  mutations,  deletions,  frame  shifts,  or  translocations)  they  are 
subject  to  dysregulation.  A  case  in  point  is  the  expression  of  ICAM-1  on  melanoma  cells  which  is 
an  indicator  of  poor  prognosis.  Similarly,  the  homing  receptor  CD44  is  often  expressed  on  cancer 
cells  but  not  at  all  on  their  benign  precursors.  Alternatively,  cancer  cells  may  display  splice 
variants  of  this  receptor  which  are  not  detected  on  their  non-transformed  counterparts.  Therefore, 
aberration  of  genes  for  cancer  spread  occurs  frequently  on  the  levels  of  transcription  or  splicing. 
Without  this  dysregulation  of  gene  expression  tumors  could  not  become  malignant. 

Metastasis  genes  and  classical  cancer  genes.  The  big  picture. 

Even  though  uncontrolled  growth  does  not  inevitably  lead  to  metastatic  spread,  consistent 
patterns  of  organ  preference  by  cancers  of  particular  tissue  origin  suggest  that  there  is  a  necessary 
connection  between  mutations  of  oncogenes  or  tumor  suppressor  genes  and  the  expression  of 
genes  that  mediate  tumor  dissemination.  The  molecular  basis  for  this  connection  is  currently 
largely  unknown.  Expression  of  metastasis-specific  splice  variants  of  CD44  and  the  oncogene  ras 
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are  connected  in  an  autocatalytic  mode  in  which  ras  induces  promoter  activity  for  CD44  through 
an  AP-1  binding  site  while  transfection  of  CD44v  enhances  the  expression  of  ras.  This  mutual 
induction  may  contribute  to  the  perpetuation  of  cell  division  and  spreading  which  are 
characteristic  of  malignancy.  Motility-associated  cytokines,  including  type  IV  collagenases  and 
osteopontin,  can  also  be  induced  by  ras  and  similar  relationships  may  apply  for  other  oncogenes, 
including  v-mos,  v-raf,  v-fes  and  v-src1. 

Recent  research  has  identified  the  genes  that  underlie  the  three  phenotypic  characteristics 
of  cancer  and  has  allowed  a  distinction  between  malignant  and  benign  tumors  on  the  molecular 
level.  Only  tumors  in  which  the  dysregulation  of  growth  is  associated  with  expression  of  genes 
whose  products  mediate  dissemination  become  malignant.  This  attributes  a  central  role  in 
carcinogenesis  to  metastasis  genes  and  metastasis  suppressor  genes.  The  definition  of  molecules 
that  are  rarely  expressed  in  the  healthy  adult  organism  has  given  rise  to  the  potential  emergence 
of  new  drug  targets.  Among  them  are  telomerase,  structurally  altered  oncogene  products  such  as 
fusion  proteins  or  mutants,  and  also  some  of  the  stress  response  molecules  that  mediate  metastasis 
formation.  Prominently,  blocking  the  integrin  avP3,  which  is  essential  for  tumor  angiogenesis, 
has  been  successful  in  several  experimental  systems34.  Likewise,  splice  variants  of  CD44  that 
mediate  dissemination  of  multiple  cancers  and  are  physiologically  expressed  on  immune  cells 
only  after  antigenic  challenge  have  been  targeted  in  experimental  therapy  with  promising 
results5'7.  Such  progress  provides  the  opportunity  for  a  more  successful  broad  attack  on  the 
cancer  epidemy.  As  the  profile  of  the  killer  becomes  more  refined  the  prospect  for  its 
containment  improves. 
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Table  1:  Genes  that  mediate  cancer  spread  are  developmental^  non-essential.  Cancer 
dissemination  is  induced  by  a  group  of  homing  receptors,  their  ligands  and  proteinases  in 
conjunction  with  their  associated  signal  transduction  molecules.  These  gene  products  do  not  play 
a  critical  role  in  organ  development  or  fertility  but  are  necessary  for  stress  responses.  Knockout 
mice  have  been  generated  for  multiple  metastasis  associated  genes  and  uniformly  show  these 
characteristics.  Various  integrins  have  also  been  linked  to  metastasis  formation  but  most  integrin 
gene  knockouts  display  developmental  defects.  This  may  be  due  to  the  loss  of  multiple  receptors 
after  deletion  of  individual  integrin  genes.  Furthermore,  some  intergin  gene  products  serve  dual 
roles  in  stress  responses  and  development.  (DTH  =  delayed  type  hypersensitivity,  MMP  = 
matrix  metalloproteinase,  uPAR  =  receptor  for  urokinase-type  plasminogen  activator) 

Figure  1:  CD44  is  essential  for  metastasis  formation  by  osteosarcoma.  C57BL/6  mice  with 
the  tml  point  mutation  of  the  p53  gene  are  susceptible  to  osteosarcomas  which  disseminate  to 
liver  and  lungs.  Shown  here  are  a  primary  tumor  (A)  and  a  liver  metastasis  (B).  After  disruption 
of  both  alleles  of  the  CD44  gene  metastatic  spread  is  almost  completely  abrogated  while 
incidence  and  growth  rate  of  osteosarcomas  are  unaffected  (Weber  et  al.,  manuscript  in 
preparation). 
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Abstract 


Cancer  is  characterized  by  dysregulated  growth  control,  overcoming  of  replicative  senescence,  and 
metastasis  formation.  Tumor  dissemination  distinguishes  malignant  from  benign  neoplasms  and  is 
mediated  by  homing  receptors,  their  ligands,  and  proteinases.  The  homing  receptor  CD44  is 
frequently  expressed  on  primary  brain  tumors  and  brain  metastases.  Its  engagement  by  osteopontin 
physiologically  induces  macrophage  chemotaxis,  a  mechanism  that  may  be  utilized  by  metastatic 
brain  tumors  in  the  process  of  dissemination.  In  host  defense,  osteopontin  and  its  receptors,  CD44 
and  integrin  avP3,  play  key  roles  in  mediating  delayed  type  hypersensitivity  responses  by  activating 
macrophages  to  induce  Thl  cytokines  while  inhibiting  Th2  cytokines.  Other  metastasis  associated 
gene  products  similarly  contribute  to  host  defenses.  Hence,  cancer  spread  is  regulated  by  a  set  of 
developmentally  non-essential  genes  which  physiologically  mediate  stress  responses,  inflammation, 
wound  healing,  and  neovascularization.  Function  of  the  relevant  gene  products  is  extensively 
modified  post-transcriptionally  and  their  dysregulation  in  cancer  occurs  on  the  levels  of  expression 
and  splicing.  Consistent  patterns  of  organ  preference  by  malignancies  of  particular  tissue  origin 
suggest  a  necessary  connection  between  loss  of  growth  control  and  senescence  genes  and 
expression  of  genes  mediating  the  dissemination  of  tumor  cells. 

Key  words:  Invasion,  homing  receptors,  cytokines,  proteinases,  stress  response 
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Molecular  Characteristics  of  Cancer 


The  most  prominent  feature  of  malignancy  is  dysregulated  cell  cycle  progression.  Division 
of  cancer  cells  leads  to  formation  of  more  cancer  cells  indicating  that  the  characteristics  of 
transformation  originate  in  genetic  changes.  The  underlying  defects  causing  uncontrolled 
proliferation  are  gain  of  function  mutations  in  oncogenes  or  loss  of  function  mutations  in  tumor 
suppressor  genes.  However,  most  somatic  cells,  with  few  exceptions  such  as  stem  cells,  die  after  a 
finite  number  of  cell  divisions,  a  phenomenon  described  as  senescence.  Replicative  senescence 
begins  after  fertilization  and  is  genetically  dominantly  controlled.  For  cancer  to  occur,  there  must  be 
a  loss  of  function  in  senescence  genes  or  a  gain  of  function  in  telomerase  to  give  rise  to  a  largely 
unlimited  number  of  cell  divisions.  Finally,  cancer  is  distinguished  from  benign  tumors  by  its 
faculty  to  generate  metastases.  In  contrast  to  earlier  models,  metastasis  formation  is  a  process  of 
active  cell  migration  and  invasion  rather  than  the  passive  dyslocation  of  cells  in  the  blood  or  lymph 
flow.  Whether  a  neoplasm  metastasizes  and  to  which  target  organs  is  determined  by  motility 
associated  molecules  expressed  by  the  tumor  cells. 

Invasiveness  of  Brain  Tumors 

The  brain  is  unique  as  a  target  organ  for  metastatic  growth  because  it  is  surrounded  by  the 
blood-brain  barrier  and  it  lacks  lymphatic  drainage.  Nevertheless,  certain  malignancies  display  a 
preference  for  dissemination  to  the  central  nervous  system.  Brain  metastases  from  colon  and  breast 
cancers  are  often  single  whereas  melanoma  and  lung  cancer  have  a  greater  tendency  to  produce 
multiple  colonies.  At  autopsy,  up  to  80%  of  melanoma  patients  have  CNS  lesions  (Sugarbaker 
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1981).  Invasion  of  brain  cancer  cells  typically  proceeds  along  anatomic  structures  that  are  rich  in 
extracellular  matrix  proteins,  including  basement  membranes  of  blood  vessels  and  the  glial  limitans 
externa  (Giese  et  al.  1996)  and  has  been  attributed  to  specific  motility-associated  receptors,  their 
ligands  and  proteinases  (Goldbrunner  et  al.  1999)  (Table  1).  Specifically,  the  homing  receptor 
CD44  is  frequently  expressed  on  primary  brain  tumors  and  brain  metastases  (Nagasaka  et  al.  1995; 
Kuppner  et  al.  1992;  Radotra  et  al.  1994).  Its  ligand  osteopontin  has  also  been  described  to  be 
secreted  by  malignant  gliomas  (Saitoh  et  al.  1995;  Gladson  1999;  Tucker  et  al.  1998). 

The  Physiologic  Roles  of  Metastasis  Genes 

To  understand  the  process  of  metastasis  formation  we  have  studied  the  physiologic 
importance  of  the  relevant  gene  products.  We  have  investigated  the  cytokine  osteopontin  and  its 
receptor  CD44  (Weber  et  al.  1996;  Weber/Cantor  1996;  Weber  et  al.  1997).  The  engagement  of 
CD44  by  osteopontin  induces  macrophage  chemotaxis,  a  process  that  may  be  utilized  by  metastatic 
brain  tumors  in  the  process  of  dissemination  (Weber  et  al.  1996).  Gene-targeted  mice  deficient  in 
osteopontin  or  CD44  are  fertile  and  developmentally  normal,  a  trait  that  is  shared  by  other 
knockouts  for  genes  that  are  believed  to  be  important  in  metastatic  spread.  Several  observations 
implied  that  osteopontin  may  act  as  a  stress  response  gene:  1)  the  osteopontin  promoter  contains  an 
acute  phase  responsive  element  (Kimbro  et  al.  1995)  and  a  phorbol  ester  responsive  element  to 
which  the  redox  sensitive  transcription  factors  Jun  and  Fos  may  bind  (Patarca  et  al.1993),  2) 
osteopontin  expression  by  T-lymphocytes,  macrophages,  and  osteoclasts  does  not  occur  at  rest  but 
is  activation  dependent  and  is  associated  with  host  resistance  (Patarca  et  al.  1993),  3)  osteopontin 
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exerts  anti-oxidant  effects  and  prevents  cell  damage  in  response  to  a  large  number  of  noxious 
influences  (Weber  et  al.  1999),  4)  the  osteopontin  gene  knockout  results  in  defective  wound  healing 
(Liaw  et  al.  1998).  In  host  defense,  CD44  and  its  ligand  osteopontin  play  a  key  role  in  mediating 
delayed  type  hypersensitivity  responses  by  skewing  the  pattern  of  cytokines  secreted  from 
macrophages  to  favor  the  induction  of  cellular  immunity  and  to  suppress  humoral  immunity.  The 
interaction  of  osteopontin  with  its  integrin  receptor  ayB3  on  macrophages  stimulates  the  production 
of  Th  1  cytokines  while  engagement  of  CD44  by  osteopontin  concomitantly  inhibits  the  secretion  of 
Th2  cytokines  (Ashkar  et  al.  1999).  A  classical  model  of  delayed  type  hypersensitivity  is  granuloma 
formation.  Foreign  body  granulomas  can  be  induced  by  subcutaneous  injection  of  polyvinyl 
pyrrolidone.  After  5  days,  control  mice  display  pronounced  influx  of  macrophages  and  a  strong 
local  immune  response.  In  contrast,  mice  lacking  the  osteopontin  gene  due  to  targeted  mutation 
barely  show  any  immunological  reaction  to  the  injection  (Figure  1).  In  contrast,  mice  lacking  the 
CD44  gene  display  excessive  granuloma  formation  following  challenge  (Schmits  et  al.  1998)  which 
may  reflect  combined  Thl  and  Th2  immunity  after  engagement  of  integrin  receptors  by  osteopontin 
in  the  absence  of  ligation  of  CD44. 

Preliminary  experiments  have  suggested  that  CD4+  T-cells  secrete  the  osteopontin  that 
induces  macrophages  to  selectively  promote  delayed  type  immune  responses.  The  observation  that 
macrophages  may  themselves  produce  osteopontin  after  stimulation  with  lipopolysaccharide  raises 
questions  regarding  its  potential  relevance  to  this  process.  Macrophage-derived  osteopontin  is 
competent  for  inducing  chemotaxis  but  not  delayed  type  hypersensitivity  which  may  reflect 
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structural  differences  from  the  T-cell  secreted  molecule.  In  fact,  macrophage  osteopontin  has  lost 
part  of  its  sequence  by  alternative  splicing  (Ashkar  and  Weber,  unpublished  observations)  which 
could  lead  to  efficient  engagement  of  CD44  with  ensuing  chemotaxis  but  to  impaired  ligation  of 
integrin  receptors.  Malignant  cells  often  secrete  a  form  of  osteopontin  that  resembles  the 
macrophage-derived  protein  in  that  it  may  be  hypophosphorylated  or  a  splice  variant  that  has  a 
deletion  in  its  N-terminal  (integrin  binding)  portion  (Kiefer  et  al.  1989)  and  this  molecule  may 
contribute  to  metastatic  spread  (Weber  et  al.  1997)  by  inducing  tumor  cell  migration. 
Concomitantly,  tumor-derived  modified  osteopontin  may  ligate  CD44  on  macrophages  without 
engagement  of  its  integrin  receptors  (Shanmugam  et  al.  1997).  This  leads  to  suppression  of  Th2 
cytokines  while  Thl  cytokines  cannot  be  efficiently  secreted  since  other  physiologic  inducers  of 
Thl  cytokines  are  substantially  less  potent.  This  form  of  osteopontin  action  may  represent  a 
mechanism  of  immune  evasion. 

Tumor  dissemination  depends  on  neovascularization.  Physiologically,  blood  vessel 
formation  may  be  initiated  in  two  settings.  The  modeling  of  the  cardiovascular  system  is  largely 
restricted  to  early  development,  while  in  the  healthy  adult  organism,  angiogenesis  is  a  rare 
occurrence  that  arises  predominantly  in  healing  after  tissue  damage.  Morphogenic  and  stress 
induced  blood  vessel  generation  are  mediated  by  distinct  sets  of  genes.  Several  pieces  of  evidence 
imply  a  role  for  osteopontin  and  its  receptors  in  the  latter  form  of  neovascularization.  A  splice 
variant  of  CD44  is  involved  in  endothelial  cell  proliferation,  migration,  and  angiogenesis  (Henke  et 
al.  1996;  Trochon  et  al.  1996).  The  integrin  ayB3  is  of  particular  importance  in  angiogenesis  due  to 
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its  selective  expression  on  growing  blood  vessels.  Antagonists  of  integrin  ayB3  promote  tumor 
regression  by  inhibiting  neovascularization  (Brooks  et  al.  1994;  Arap  et  al.  1998)  and  angiogenesis 
induced  by  bFGF  or  by  TNFa  is  also  inhibitable  by  a  monoclonal  antibody  to  the  integrin  ayBj. 
Coordinate  expression  of  IMntegrins  and  osteopontin  by  regenerating  endothelial  cells  (Liaw  et  al. 
1995)  and  during  in  vitro  blood  vessel  formation  (Prols  et  al.  1998)  stimulates  migration  through 
cooperative  mechanisms  involving  activation  of  integrin  ayB3  ligation  by  thrombin  cleavage  of 
osteopontin  (Senger  et  al.  1996). 

Conclusions 

We  conclude,  based  on  our  own  observations  in  conjunction  with  data  from  the  literature, 
that  the  topology  of  cancer  spread  is  regulated  by  a  set  of  developmentally  non-essential  genes 
which  physiologically  mediate  stress  responses,  inflammation,  wound  healing,  and 
neovascularization  and  are  normally  expressed  by  activated  lymphocytes  and  macrophages 
(Weber/Ashkar  2000).  Function  of  the  relevant  gene  products  is  extensively  modified  post- 
transcriptionally  which  allows  for  quick  activation  in  stress  situations  and  may  encode  organ 
specificity.  This  code  for  targets  in  the  homing  process  may  cause  dissemination  to  distant  organs, 
such  as  brain  metastases  in  melanoma  or  lung  cancer,  or  it  may  lead  to  locally  invasive  growth  as  is 
the  case  in  malignant  glioma  or  in  chondrosarcoma.  In  both  scenarios,  locally  destructive  growth  by 
malignant  glioma  and  brain  metastases  from  distant  primary  tumors,  the  mechanism  of  invasion  is 
determined  by  engagement  of  molecules  that  are  physiologically  used  by  macrophages  and 
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lymphocytes  to  enter  the  central  nervous  system  in  the  context  of  host  defenses,  including  infection, 
inflammation,  or  ischemia. 

Indicative  of  basic  mechanisms  of  homeostasis  in  human  biology  all  groups  of  genes 
involved  in  malignancies  consist  of  promoting  and  suppressing  components.  Loss  of  function  in 
one  group  or  gain  of  function  in  the  counterbalancing  group  may  each  affect  the  balance  of  forces 
and  constitute  a  predisposing  factor  for  malignant  growth.  Thus,  mutations  that  enhance  the 
function  of  oncogenes  and  mutations  that  inhibit  the  function  of  tumor  suppressor  genes  equally 
pose  a  risk  for  uncontrolled  growth  of  the  affected  cells  and  similar  relationships  hold  for 
senescence  genes  and  metastasis  genes  and  their  respective  suppressors  (Table  2).  Furthermore, 
consistent  patterns  of  organ  preference  by  cancers  of  particular  tissue  origin  suggest  that  there  is  a 
necessary  connection  among  dysregulated  cell  cycle  control  genes  (gain  of  function  of  oncogenes  or 
loss  of  function  of  tumor  suppressor  genes),  suppression  of  senescence  genes,  and  expression  of 
genes  mediating  the  dissemination  of  tumor  cells.  Today,  the  molecular  basis  for  this  connection  is 
largely  unknown. 
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Legends  to  Figures  and  Tables 

Table  1:  Metastasis-mediating  molecules  in  brain  tumors.  Specific  receptors,  ligands  (migration 
inducing  cytokines),  and  proteinases  have  been  associated  with  the  invasive  behavior  of  individual 
primary  and  metastatic  brain  tumors. 

Table  2:  Genes  associated  with  malignancies.  The  classical  cancer  genes  (oncogenes  and  tumor 
suppressor  genes)  control  cell  replication.  For  cancer  to  occur,  additional  functions  need  to  be 
dysregulated:  genes  that  cause  cellular  senescence  have  to  be  inactivated  and  expression  of  gene 
products  that  mediate  metastasis  formation  is  essential.  For  cell  cycle  progression  and  cell 
dissemination  alike,  there  is  a  physiologic  balance  that  may  be  disturbed  by  excessive  activity  of 
promoters  or  by  diminished  function  of  suppressors.  Defects  in  mutator  genes  give  rise  to 
alterations  in  other  cancer-associated  genes  putting  mutator  genes  into  the  position  of  predisposing 
factors  rather  than  direct  contributors  to  the  malignant  phenotype. 

Figure  1:  Absence  of  a  delayed  type  hypersensitivity  response  in  mice  lacking  the  osteopontin 
gene.  250  pg  PVP  in  500  pi  PBS  was  injected  s.c.  into  the  hind  limb  of  C57BL/6  wildtype  mice  or 
gene  targeted  C57BL/6  OPN  A  mice  which  do  not  express  the  osteopontin  gene  product.  After  5 
days,  histologic  analysis  of  the  injection  site  was  performed.  5  pm  serial  sections  were  stained  with 
Hematoxilin-Eosin  stain.  A)  injection  of  PVP  into  C57BL/6  B)  injection  of  PBS  (vehicle  control) 
into  C57BL/6  C)  injection  of  PVP  into  C57BL/6  OPN7'  D)  injection  of  PVP  in  conjunction  with  10 
ug  purified  osteopontin  into  C57BL/6  OPN7  .  Original  magnification  200x. 
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TABLE  1 


TUMOR  CYTOKINES  RECEPTORS 


Primary  Brain  Tumors 

glioblastoma  urokinase  plasminogen  CD44 

activator,  interleukin-8, 
osteopontin 

astrocytoma  hepatocyte  growth  factor/  c-Met 

scatter  factor,  interleukin-8 


medulloblastoma 


polysialylated 

NCAM 


Metastatic  Brain  Tumors 


melanoma  neurotrophin 

receptor 

lung  cancer  urokinase  plasminogen 

activator 


breast  cancer 


urokinase  plasminogen  interleukin-6  receptor 

activator  CD44 


prostate  cancer 


insulin-like  growth 
factor  receptor 


renal  cancer 


interleukin-6  receptor 


PROTEINASES 


gelatinase-B,  active 
gelatinase-A, 
cathepsin  L 

MT1-MMP, 

MT2-MMP 


heparanase 
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TABLE  2 


genes 

function 

examples 

oncogenes 

*  growth  factors 

*  growth  factor  receptors 

*  signal  transduction  molecules  asso¬ 
ciated  with  growth  factor  receptors 

EGF,PDGF 

HER-2,erb-B 

Akt,Abl,Ras 

tumor  suppressor  genes 

*  receptors 

*  signal  transduction  molecules 

DCC,PTC 

p53,Rb,APC 

senescence  genes 

*  cell  cycle  regulators 

p53,Rb,p21,Fos 

senescence  suppressor  genes 

*  regulators  of  telomere  length 

telomerase 

metastasis  genes 

*  homing  receptors  and  their 
ligands 

*  proteinases 

CD44,selectins, 

osteopontin 

MMPs 

metastasis  suppressor  genes 

*  adhesion  receptors 

*  proteinase  inhibitors 

cadherins,L-CAM,KAIl 

TIMPs 

mutator  genes 

*  mismatch  repair 

*  base  excission  repair 

*  nucleotide  excission  repair 

*  repair  of  double  strand  breaks 

MSH,PMS 

uracil  DNA  glycosylase 
ERCC 

XRCC,RAD50,NSB  1 
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The  international  application  contains  85  designations. 

_ 8 _ X _ 92 _ =  L 

number  of  designation  fees  amount  of  designation  fee 

payable  ( maximum  8)  * 

Add  amounts  entered  at  B  and  D  and  enter  total  at  I . 

(Applicants  from  certain  States  are  entitled  to  a  reduction  of  757c  of  the 
international  fee.  Where  the  applicant  is  (or  al:  applicants  a.  c)  so  entitled, 
the  total  to  be  entered  at  I  is  25%  of  the  sum  of  the  anwunts  entered  at  B  and  D.) 


4.  FEE  FOR  PRIORITY  DOCUMENT  (if  applicable) 

5.  TOTAL  FEES  PAYABLE 

Add  amounts  entered  at  T,  S,  I  and  P 

and  enter  total  in  the  TOTAL  box . 


z\n 


|  1  The  designation  fee  is  not  paid  at  this  time. 

MODE  OF  PAYMENT 

_  authorization  to  charge 

1 _ 1  deposit  account  (see  below) 

FI  hank  draft 

[""I  coupons 

[""1  cheque 

|  |  cash 

PH  other  (specify): 

j  |  postal  money  order 

FI  revenue  stamps 

DEPOSIT  ACCOUNT  AUTHORIZATION  (this  mode  of  payment  may  not  be  available  at  all  receiving  Offices.) 

THE  RO/  US _  G  is  hereby  authorized  to  charge  the  total  fees  indicated  above  to  my  deposit  account. 

□  is  hereby  authorized  to  charge  any  deficiency  or  credit  any  overpayment  in  the  total  fees  indicated  above  to  my 
deposit  account. 

□  is  hereby  authorized  to  charge  the  fee  for  preparation  and  transmittal  of  the  priority  document  to  the 
International  Bureau  ot  WIPO  to  my  deposit  account. 


Deposit  Account  Number 


Form  PCT/RO/101  (Annex)  (January  20(X» 


Date  (day/mon th/year) 


Signature 


See  Notes  to  the  fee  calculation  sheer 


